THE PURPOSE of this study was to clarify the mechanisms whereby lidocaine depresses the automaticity of cardiac Purkinje fibers. A concentration of lidocaine as low as 0.23 mg/liter (1 X 10~6 M) depresses spontaneous phase 4 depolarization of normal mammalian Purkinje fibers, and a concentration of 2.34 mg/liter often abolishes the pacemaker potential.
THE PURPOSE of this study was to clarify the mechanisms whereby lidocaine depresses the automaticity of cardiac Purkinje fibers. A concentration of lidocaine as low as 0.23 mg/liter (1 X 10~6 M) depresses spontaneous phase 4 depolarization of normal mammalian Purkinje fibers, and a concentration of 2.34 mg/liter often abolishes the pacemaker potential. 1 A concentration of 5-10 mg/ liter will reduce spontaneous phase 4 depolarization in stretched canine Purkinje fibers. 2 Lidocaine concentrations between 2.34 and 50 mg/liter reduce or abolish the ability of epinephrine to augment both the pacemaker depolarization in driven fibers 2 and also the automatic firing rate of spontaneously active canine Purkinje fibers. 1 The time-voltage course of the transmembrane potential of automatic Purkinje fibers is characterized by (1) the maximum (negative) value of transmembrane voltage attained on completion of repolarization, (2) the threshold voltage, and (3) the rate and magnitude of pacemaker depolarization. Pacemaker depolarization is determined primarily by time-dependent deactivation of the so-called pacemaker potassium current, i K2 , which allows background inward current (Na + and perhaps Ca 2+ ) to depolarize the membrane to the voltage threshold for activation. 3 
"
5 Pharmacological agents are known to affect automaticity through actions on i K2 ; for instance, epinephrine accelerates the pacemaker potential in cardiac Purkinje fibers by shifting the i K2 activation curve to a more positive transmembrane voltage and by accelerating its deactivation. 6 ' 7 There are many ways in which lidocaine might abolish pacemaker depolarization. Bigger and Mandel 1 proposed that lidocaine antagonized automaticity in canine Purkinje fibers by increasing membrane potassium conductance during diastole; they reached this conclusion because a concentration of 2.34 mg/liter slowed the pacemaker potential without altering either the maximum value of diastolic transmembrane voltage or the takeoff voltage during spontaneous automatic firing. Arnsdorf and Bigger 8 showed that a concentration of 5 mg/liter increased membrane slope conductance of sheep Purkinje fibers bathed in a sodium-deficient solution ([Na]o = 13.8 ITIM); this effect presumably was due to an increase in g K . Since their measurements of the membrane current-voltage relationships were obtained by use of constant current pulses it was not possible to ascertain whether the observed increase in potassium current which resulted from the action of lidocaine application was caused by an alteration in the magnitude, voltage dependence, or kinetics of i K2 or an increase in the time-independent, voltage-dependent potassium current, i Kl . 8 Since the time-dependent current change due to i K2 is markedly reduced in solutions containing a low sodium concentration, 3 ' •• 10 it is likely that the lidocaine-induced increase in potassium current demonstrated by Arnsdorf and Bigger 8 was an effect on i Kl . Our experiments were undertaken to characterize further the effect of lidocaine on diastolic currents in cardiac Purkinje fibers, to better explain how this drug suppresses pacemaker depolarization in this fiber type.
Methods
Sheep hearts were obtained from a slaughterhouse and transported to the laboratory in an insulated jug containing iced Tyrode's solution equilibrated with 95% O 2 -5% CO 2 . The excised fibers were stored in Tyrode's solution at 20-24°C until studied (0-8 hours). The composition of the Tyrode's solution in mmol/liter was: NaCl, 137; NaHCOs, 12; dextrose, 5.5; CaCl 2 , 1.8; MgCl 2 , 0.5; and KC1, 3.0 or 4.0. Lidocaine hydrochloride salt (Xylocaine, Astra Pharmaceuticals) was added to the test solution to provide final concentrations of 1-5 mg/liter of base. The tissue chamber was perfused at 6-10 ml/min, and experi- VOL. 38, No. 3, MARCH 1976 mental measurements were begun at least 20 minutes after a solution change. Measurements were made in control solution both before and after exposure to lidocaine-containing solutions. Bath temperature was maintained at 35-37°C. Glass capillary microelectrodes for recording intracellular voltage were filled with 3 M KC1. Microelectrodes for passing current were filled with 2 M potassium citrate. The voltage clamp circuit, display and photographic apparatus, bath, heating and circulating equipment, and method for producing shortened Purkinje fiber segments have been described previously.
"
13 A sonic pen (Graf Pen, Scientific Accessories Corp.) and digital computer (PDP 11/40, Digital Equipment Corp.) were used to measure intervals from projected film images and to perform mathematical calculations.
A voltage clamp step was held until transmembrane current became stable before clamping to a different voltage. We determined reversal voltage by using progressively more negative voltage clamp steps, until slow current change (current "tails") during the test voltage clamp reversed polarity. 5 We estimated membrane slope conductance by measuring the transmembrane current responses to hyperpolarizing voltage clamp steps (4 mV, 50 msec) which were superimposed on the longer voltage clamps at intervals of about 2 seconds. The time constant of i K2 was calculated as \/b from the equation i K2 = ae~b t , to which the measured pacemaker current tails were fit by the method of least squares, where a is the magnitude of the i K2 tail, t is time, and e is the base of natural logarithms. The correlation coefficient of the best fit of the i K2 tails to the exponential curve was high (r = 0.95-1.00).
Statistical significance of our data was determined by means of the Mest for paired samples.
14

LIMITATIONS OF THE METHOD
The theoretical limitations of the voltage clamp method when applied to cardiac preparations have been discussed previously. 3 ' "• 15~17 We controlled transmembrane voltage of shortened Purkinje fiber preparations at times when membrane resistance was relatively high (i.e., at times other than during the early inward transient current); under these conditions the longitudinal nonuniformity of voltage control approximates the error in measurement of intervals from projected film images. 13 Temporal homogeneity of transmembrane voltage during measurement of i K2 is not a significant problem, because after a voltage clamp step all capacitative and early ionic transients have subsided by the time i K2 begins to change significantly. 5 Our results are subject to errors introduced by voltage drift (amplifier drift or tip potential changes), or changes in the reversal voltage for i K2 which occurred during the experiments, or both. Since the threshold voltage for the early inward transient current and the reversal voltage for i K2 were not statistically different between initial and final control determinations for the preparations on which this report is based, voltage drift and changes in transmembrane ionic gradients during the experiments probably were small.
Results
IDENTIFICATION OF POTASSIUM PACEMAKER CUR-RENT (i K ,)
Two important properties of the pacemaker current of cardiac Purkinje fibers, called i K2 by Noble and Tsien, 5 indicate that it is a time-dependent potassium current. First, the polarity of this current reverses when the membrane is clamped to voltages more negative than the calculated potassium equilibrium voltage, V K , '-4 and the reversal voltage, Vrcv, for i K2 approximates V K at different values of [K] 0 . 5 Second, in spontaneously automatic Purkinje fibers membrane slope conductance decreases as transmembrane current (I m ) decreases as a function of time during (repolarizing) clamps at the maximum diastolic voltage; this proves that the observed pacemaker current change is a decreasing outward current rather than an increasing inward current. 4 Figure 1 demonstrates these two important characteristics for one of our preparations (fiber 41-1). Further, we found that V rov was not significantly different from calculated V K , and that \ KV was unchanged by lidocaine (Table 1) 
EFFECT OF LIDOCAINE ON THE STEADY STATE ACTIVATION CURVE FOR i Ks
The methods we used to obtain the i K2 steady state activation curve were those introduced by Noble and Tsien. 5 Briefly, the holding voltage, V H , was set near the middle of the voltage range for i K2 activation. From V H , the Purkinje fiber membrane was clamped to test voltages (V T ) throughout the voltage range of pacemaker current activation (about -90 to -60 mV). After all current transients subsided at V T , the membrane was clamped back to V H (Fig. 2 ) and the amplitude of the slow current change was plotted against V T (Fig. 3B) . The amplitude of i K2 on returning to V H indicates the magnitude of pacemaker current deactivation (V T positive to V H ) or activation (V T negative to V H ) during the clamp steps at V H (Fig. 3B) . Figure 4 and Table 1 show that V,, the transmembrane voltage for one-half activation of i K2 , was not changed significantly by lidocaine at 1-5 mg/liter. Lidocaine at 3-5 mg/liter, but not at 1-2 mg/liter, did decrease the amplitude of the i K2 activation curve (Table 1 and Fig. 4 ). Three fibers were tested in both a low (1-2 mg/liter) and a higher (3-5 mg/liter) concentration and in each instance the higher concentration diminished the amplitude of i K2 but the lower concentration did not.
EFFECT OF LIDOCAINE ON THE KINETICS OF i K .
We were unable to demonstrate any consistent effect of lidocaine (1-5 mg/liter) on the kinetics of i K2 as reflected by the time constant, T S , for i K2 current change at V H (Table 1) . V H was chosen for measurement of T S because of the large number of determinations of T S at this voltage and because of its proximity to V s , at which r s is maximal. 5 The lack of change in T S after exposure to lidocaine is theoretically consistent with the lack of change in V s during exposure to the same agent.
EFFECT OF LIDOCAINE ON THE STEADY STATE CURRENT-VOLTAGE RELATIONSHIP
We obtained the steady state current-voltage relationships (CVR) for our preparations by plotting the steady state transmembrane current, l m , against the corresponding clamp voltage (Fig. 3A) . All concentrations of lidocaine increased steady state outward current in the voltage range negative to the threshold for activation of the early inward transient current (I m at -80 mV and at V rcv in Table 1 ). As shown in Figures 5A and 5B, two different current changes contributed to this increase in outward current. In Figure 5A , the control and lidocaine curves converge near the i K2 reversal voltage (V rcv ) of -95 mV; this is the result to be expected when lidocaine induces an increase in membrane potassium conductance. Furthermore, at values for V T progressively more positive than V rrv (i.e., producing a progressively greater electrical driving force for K + ), the lidocaine curve shows progressively more net outward current; this finding also suggests an increase in g K . Since we showed that JK 2 is not increased by lidocaine, we concluded that the increase in g K which was responsible for the increase in steady state outward current was caused by an increase in time-independent membrane potassium conductance, gui- 5 Figure 5B demonstrates the second mechanism by which lidocaine increased steady state outward I in . In this experiment, the control and lidocaine curves diverge as the transmembrane voltage, V,,,, becomes more negative. The lidocaine current-voltage relationship shows both a lower slope conductance and also a more positive I m at V TKV (where net transmembrane K + current is close to zero); these findings are most compatible with a decrease in background inward current, ii,.i. (time-independent inward current). Despite the decrease in ii,.i., lidocaine (1-5 mg/liter) had no significant effect of the threshold voltage for the early inward transient current. Figures  5A and 5B show extremes in the response of the steady state current-voltage relationship to lidocaine; for most fibers both effects were evident, with the steady state current-voltage relationship for lidocaine lying positive to the control curve over the entire voltage range from ± 39 -212 ± 85 Note that i Ki amplitude is reduced significantly only by the higher concentrations of lidocaine, and that no concentration of lidocaine caused either a shift of the JKJ activation curve on its voltage axis (V s ) or a change in the rate of i K , activation-deactivation (r a ). The tendency for lidocaine at 1-2 mg/liter to increase steady state (i.e., after 8-10 seconds of membrane voltage clamp) I m at V m = -80 mV {P < 0.10) becomes statistically significant for lidocaine at 3-5 mg/liter (P < 0.05), and is due to an increase in time-independent, voltage-dependent i Kl , since measured in, is unchanged or decreased by lidocaine. I m at V rev (used as an index of background inward current, i b .i., since net transmembrane potassium current is close to zero at V rev ) is decreased by lidocaine at all concentrations {P < 0.05).
FIGURE 2 Transmembrane currents during voltage clamp steps. Multiple exposure photograph of oscilloscope screen during clamps to holding voltage of-81 mV from different test voltages. At left are steady state /," traces corresponding to test clamp voltages in millivolts (adjacent numbers). At right are current "tails" occurring during the holding voltage clamp. Initiation of clamp steps is varied for display purposes only. (Fiber 54-1,
* Mean ± SD (number of determinations); for more than one value per experiment, average is used. f Difference between lidocaine and control determinations is statistically significant {P < 0.05).
I*)
In. pacemaker potential range, however, rectification against g K2 becomes intense, so that little i K , is present even though (Vm -V K ) is large. 5 Lidocaine reduced g K2 at both voltage extremes of the SKS OK?) activation curve (Fig. 4) . The concomitant alteration in automaticity is the result of two opposing effects. On the one hand, the portion of the g K2 activation curve that contributes to phase 4 depolarization lies in the voltage range between maximum diastolic voltage and either resting V m (nonautomatic fiber) or threshold voltage (automatic fiber); a reduction in the magnitude of g K , within this voltage range would depress automaticity. On the other hand, the portion of the g K2 activation curve that provides repolarizing i K , current even during phase 4 depolarization lies negative to the maximum diastolic voltage of the action potential. A reduction in the magnitude of g K2 in this voltage range would depolarize the membrane and thereby enhance automaticity. Thus, the action of lidocaine to decrease g K2 can have opposing effects on automaticity. Furthermore, lidocaine significantly depresses spontaneous phase 4 depolarization at concentrations less than 1 mg/liter, 1 but does not have any effect on i K2 at 1 mg/liter (Table 1) ; therefore, the relevance of this action to the antiautomatic effect of lidocaine is questionable.
10"' amp
The small decrease in amplitude of the IK 2 activation curves in high concentrations of lidocaine might result either from a reduction in number of i K2 channels or from a decrease in the electrical driving force for K+ (decrease in transmembrane ionic gradient). We favor a reduction in the number or availability of i K2 channels as the mechanism which diminishes i K2 at high concentrations, because lidocaine did not change V rev (Table 1) .
EFFECT OF LIDOCAINE ON THE KINETICS OF i K ,
The lack of change in V s (the voltage at half-maximal i K2 activation) or in r s (the time constant of i K2 ) during exposure to lidocaine argues against a change in the rate of activation or deactivation of the i K2 channel by this drug.
EFFECT OF LIDOCAINE ON TIME-INDEPENDENT DIASTOLIC CURRENTS
The lidocaine-induced increase in outward current in sheep cardiac Purkinje fibers is caused by an increase in time-independent potassium current, i Kl , and to a decrease in background inward current, i b .i.. We found the following evidence for an increase in i Kl : (1) The steady state current-voltage relationship converged near the calculated equilibrium voltage for K+ in both control and lidocainecontaining solutions. (2) The lidocaine-induced steady state outward current increased as the electrical driving force for K+ increased. (3) Lidocaine did not increase the amplitude of the pacemaker current activation curve, and the reverse occurred at a lidocaine concentration of 5 mg/liter. (4) Lidocaine did not shift the reversal voltage for i K2 in a negative direction. (5) Lidocaine did not shift the i Kl activation curve on its voltage axis or alter the i K2 activation-deactivation kinetics. The evidence that lidocaine decreased ib.i. is provided by the finding of a decreased inward current at V rcv which is accompanied by a fall in membrane slope conductance. Although the degree to which lidocaine increased outward current by a change in i Kl or in i b .i. varied from fiber to fiber (Fig. 5) , both mechanisms contributed significantly for most fibers.
The mechanism by which g K , is increased could be provided by a conversion of the time-dependent potassium conductance, g K2 , to the "instantaneous" potassium conductance, g Kl . However, because the lidocaine-induced VOL. 38, No. 3, MARCH 1976 increase in steady state outward current at a given voltage usually is larger than the concomitant decrease in i K2 , in its simplest form this hypothesis seems unlikely.
Evidence has been provided for an outward current produced by electrogenic sodium transport in Purkinje fibers under "physiological" in vitro conditions. 18 However, the possibility that lidocaine causes or enhances an electrogenic outward current is unlikely. The convergence of control and lidocaine steady state current-voltage relationships near V K and the increase in the lidocaineinduced outward current at larger values of (V m -V K ) (Fig. 5A) are not characteristic of electrogenic outward current. Because electrogenic pumping is not dependent on V,,,, 18 we would expect to see a voltage-independent increase in outward current. In addition, electrogenic current should not change membrane slope conductance 8 ( Fig. 5) . The finding by Arnsdorf and Bigger 8 that lidocaine consistently increased membrane slope conductance in sodium-deficient solutions, in conjunction with our finding of a variable effect of lidocaine on slope conductance in solutions with a normal sodium concentration, suggests that the variable decrease in inward current which we have demonstrated is due to a decrease in background sodium current.
EFFECT OF LIDOCAINE ON DETERMINANTS OF AUTOMATICITY
The impressive increase in outward current induced by lidocaine would markedly depress automaticity. First, the most negative zero-current intercept of the steady state current-voltage relationship, which defines resting V,,,, is shifted slightly to a more negative voltage. However, significant membrane hyperpolarization often does not occur at [K] o = 4.0 ITIM or higher, because resting V m is close to V K even in the absence of lidocaine. 8 Second, lidocaine increases the magnitude of the outward current peak which lies positive to the most negative zero-current intercept of the steady state current-voltage relationship (Fig. 5A ). Since the threshold voltage for activation of the early inward transient current is very close to the value of V ln at which this outward current peak appears in the steady state current-voltage relationship, the outward current peak approximates a minimum "threshold" depolarizing current required for membrane excitation. The lidocaine-induced increase of the minimum depolarizing current required for membrane excitation also would depress automaticity.
